A study of e + e ? annihilations into nal states containing a single energetic photon with no accompanying particles is made at a center of mass energy of 57.8 GeV. The measured cross section is consistent with expectations from standard model processes and is used to set limits on the masses of the scalar electron and photino particles predicted by supersymmetry theories. If the photino is assumed to be massless, the 90% con dence level lower limit on the mass of the degenerate scalar electron is 65.5 GeV. If the results of all the single photon experiments are combined, this lower limit increases to 79.3 GeV.
Introduction
Supersymmetry (SUSY) has been proposed as a solution to the gauge hierarchy problem 1, 2, 3] . SUSY theories predict that each known particle has a SUSY partner with a spin that di ers by 1=2 and with a mass that is expected to be below O(1 TeV): Experimental searches for SUSY particles have been performed by many groups, all with negative results.
An observation of the process e + e ? !~ ~ would provide evidence for the photino (~ ) and the scalar electron (ẽ), the SUSY partners of the photon and the electron. In this reaction, the scalar electron is exchanged in the t-channel and the cross section is a function of its mass as well as that of the photino 4, 5] . The scalar electron has two mass eigenstates,ẽ L andẽ R , corresponding to partner particles of the left-and right-handed electrons. In the experimental analysis reported here, the mass degenerate case (mẽ L = mẽ R ) is considered and we assume that the photino is the lightest SUSY particle (LSP). In general, the LSP cannot decay due to R-parity conservation 6] . Furthermore, the interactions of the photino with the material of the detector is very weak because of the large mass of the scalar electron propagator 7] . As a consequence, the experimental signature of this reaction is a single detected photon and nothing else.
In the standard model, events with this single-photon signature can be produced by the radiative production of neutrino pairs, e + e ? ! . The cross section for this process depends on the number of neutrino genera-tion N , which has been measured by LEP experiments by the direct counting of radiative decays 8] and inferred from the invisible Z 0 width 9]. Both methods strongly support N = 3. The existence of SUSY particles would produce an excess in the number of single-photon events over the expectation from the standard model with N = 3:
The search reported here was performed using data collected with the AMY detector at TRISTAN at p s = 57:8 GeV. A data sample corresponding to a total integrated luminosity of 301 pb -1 was used. This sample was collected using four di erent con gurations of the AMY detector; in the following discussion these four data subsets are referred to as data samples 1, 2, 3 and 4, with integrated luminosities of 55, 91, 56, and 99 pb -1 , respectively. 2 The AMY detector In this analysis, information from the CDC and the MUO are used to veto events with charged particles. Candidate single-photon events are triggered by either the total energy sum or by energy deposited in two adjacent ganged layers in the same section ( = 30 ) of the SHC. The trigger threshold is 7 GeV for data sample 1 and 3:5 GeV for the other three data samples (see Table 1 ). Figure 2 shows the energy dependence of the trigger e ciency for these two di erent threshold levels.
Event selection
In the search for the single-photon events, there is a huge background coming from the radiative Bhabha process e + e ? ! e + e ? , where the e + and e ? escape into the beam pipe. This limits the search to events where the detected photon is above a minimum transverse energy, E t , which depends on the minimum veto angle for electrons, veto , as E t > p s sin veto =(1 + sin veto ):
In previous single-photon experiments 15] , an E t or, equivalently, x t (= E t =E beam ) cut is applied. In this analysis we apply a cut on the total photon energy x (= E=E beam ) rather than x t , since this is found to be more e ective for rejecting cosmic ray background while still preserving good sensitivity for true single-photon events.
To select the single-photon event candidates, the following criteria are imposed:
(1) A single energy cluster is found in the SHC with the following properties: (5) The lateral and longitudinal shower shape is required to be consistent with that of an electromagnetic shower caused by a photon coming from the interaction point.
(6) For data sample 4, the time of the SHC anode signal is required to occur within t < 30 ns of the beam crossing.
Events that satisfy all the above cuts are primarily due to cosmic rays that enter the detector through the region not covered by the MUO. Since the region j cos j < 0:7 is fully covered by the MUO, such events inevitably make showers that do not point to the interaction point, and cuts on the shower direction are e ective for rejecting this background. For this, we use the normalized distances of the closest approach to the interaction point, (6) is shown in Fig. 3(a) ; Fig. 3(b) shows the same distribution for photons from e + e ? events. We require
q 2 R + 2 Rz < 2:5.
Six events survive all cuts; these are evident in Fig. 3(a) . The e ciencies of the trigger and the selection cuts for each of the four data samples are obtained as functions of energy and cos using event samples of QED processes. The trigger e ciency is determined using singleelectron events from the e + e ? process triggered independently by a high energy electromagnetic shower in the ESC. The ine ciencies caused by vetos from accidental hits in the various detector components of the barrel (endcap) region are estimated using ESC (SHC) Bhabha events. In order to determine the e ciencies of the cuts on the shape, timing and direction of the shower, photons from e + e ? and processes are used. Event loss due to conversions in the material of the detector is determined using a Monte Carlo simulation. The overall e ciency (the average e ciency weighted by the di erential cross section for e + e ? ! ) for each data sample is given, together with those from other single-photon experiments, in Table 2 .
Background estimates
We considered backgrounds from cosmic rays and the processes e + e ? ! , , e + e ? , + ? , and + ? . To study the cosmic ray background, we use a cosmic ray data sample selected using the criteria (1){(6) above, with the requirement on the CDC hit string or the SHC timing satisfying t > 30 ns, and some of the requirements for the shower shape loosened. The distributions of i for the cosmic ray and the signal samples are compared. The region 2:5 < q 2 R + 2 Rz < 5:0, where there are 53 events in the signal sample, is used for normalization. The cosmic ray sample has 61 events in the normalization region and no events with q 2 R + 2 Rz < 2:5: From this we conclude that the level of cosmic ray background in our signal sample is 0 +1:6 ?0 and contributions from this source are neglected in the following analysis.
The contribution from events is estimated using a Monte Carlo simulation based on the NNGG03 event generator 16]. This generator includes exact lowest order calculations for both W-exchange and Z 0 -annihilation di-agrams and higher order corrections for the Z 0 diagrams. We nd that 7.2 events are expected from this process with N = 3.
There are two ways that events can fake single-photon events: 1) one is detected by the SHC while the other two escape into the beam pipe; and 2) one is detected by the SHC, another escapes into the beam pipe, and the third is lost in the overlap region between the SHC and the ESC where the detector thickness is as low as 4X 0 . The level of background from these two cases is calculated using a Monte Carlo simulation using the BASES and SPRING 17] generator applied to the cross section calculation given in ref. 18 ]. It was found that the contribution from the rst case is negligibly small while 0.8 events are expected from the second case.
The backgrounds from radiative charged lepton pair production are determined with a Monte Carlo simulation using the GRACE system 19], which includes exact tree-level calculations of the cross sections. The contribution from e + e ? events is found to be negligibly small due to the rather hermetic calorimetric coverage. For the + ? and + ? processes, however, it is found that there are contributions of 0.6 and 0.3 events, respectively, because of holes for minimum ionizing particles in the forward and backward regions ( < 10:8 ).
In total, 8:9 0:3 events are expected from the standard model processes. Here, the error includes Monte Carlo statistics (1.0{15.6% depending on the process), e ciency uncertainties (2.2%), and the luminosity measurement error (1.8%).
Results
As described in the previous sections, 6 events are selected as single-photon event candidates, whereas 8.9 events are expected from known standard model processes. Figure 4 shows the x distribution of the selected events together with the expectations for the standard model plus backgrounds.
Considering the process as a part of the signal, we can deduce the cross section for the single-photon production process to be 29 +25 ?18 fb for x > 0:125 and j cos j < 0:7. Here the error is dominated by the Poisson statistics of the 6 observed events and the error on our measurement of the cosmic ray background. This value is consistent with the expected cross section of 49 fb obtained from the NNGG03 calculation.
To set the limits on the SUSY particles, we follow the Bayesian approach 15, 20] that has been used by other single-photon experiments, and ignore the error on the estimated number of background events. The observation of 6 events when 8.9 are expected from known processes gives a 90% con dence level (CL) upper limit of 4.4 for the number of SUSY events. From this, 90% CL mass limits on the mẽ{m~ plane are determined as shown in Fig. 5 . The cross section for e + e ? !~ ~ was calculated using GRACE; we nd the same results as given in ref . 5] . For a massless photino, the 90% CL lower limit for the degenerate scalar electron mass case is mẽ > 65:5 GeV. If we change the expected number of events by 1 , this mass limit changes by 0:7 GeV.
We have combined our data with the results of other single-photon experiments at PEP, PETRA and TRISTAN 15] . The data used for the combined analysis are listed in Table 2 . The 90% CL upper limit on the expected number of events from the SUSY process is 7.5 for 23.9 observed events with 28.2 expected from standard model processes, where the expected backgrounds from in other experiments are calculated using NNGG03. The corresponding 90% CL limit for the degenerate scalar electron mass for a massless photino is mẽ > 79:3 GeV.
Summary
We have searched for SUSY particles by looking for an excess of single-photon events in e + e ? collisions at p s = 57:8 GeV. In a data sample corresponding to an integrated luminosity of 301 pb -1 collected with the AMY detector, we observe 6 single-photon events, which is consistent with the expectation of 8.9 events from with N = 3 and other known backgrounds. No evidence for the existence of SUSY particles is found. The 90% CL limit on the mass of the degenerate scalar electron is mẽ > 65:5 GeV for a massless photino. If we combine our result with other single-photon experiments, this limit is extended to mẽ > 79:3 GeV. 
